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Neural induction: Do fibroblast growth factors strike a cord?
Ivor Mason
Recent studies suggest that fibroblast growth factors
(FGFs), or FGF receptor-mediated signalling, function in
specifying posterior identity in the developing neural
tube, and possibly also in neural induction.
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The amphibian embryo has proved to be a particularly
useful system with which to study the earliest events of
vertebrate embryogenesis, including the process of neural
induction, during which cells that will form the nervous
system become specified. Over sixty years ago, in one of
the most influential experiments in developmental
biology, Spemann and Mangold [1] demonstrated that the
dorsal blastopore lip (or ‘organizer’) of the gastrulating
embryo of the newt, Triturus, could induce the formation
of an entire second nervous system when grafted into the
ventral part of a host embryo. The new neural tissue was
induced from host ventral ectoderm — a tissue that is nor-
mally fated to give rise exclusively to epidermis — in
places where it overlaid graft-derived dorsal mesoderm.
This prompted Spemann to propose that a signal from
dorsal mesoderm induces the formation of the nervous
system during normal development [2]. The same result
has now been obtained in other amphibian species, includ-
ing Xenopus, and using a range of markers to distinguish
host from graft tissues. 
How does the process of neural induction relate to the
mechanism by which neural ectoderm becomes regional-
ized along its antero-posterior axis into particular territo-
ries, for example prospective forebrain and spinal cord?
Holtfreter [3] showed that the dorsal blastopore lip could
induce neural tissue to form even when placed as an
explant sandwiched between pieces of naive ectoderm.
But, in this experiment, young dorsal lips induced anterior
neural tissue whereas older dorsal lips induced the forma-
tion of only posterior tissue. Waddington first suggested
that neural induction and axial specification might occur
as two temporally distinct events, and this idea was sup-
ported by grafting studies of Nieuwkoop and tissue
recombinations by Saxén and colleagues. These two
groups synthesised their results in essentially similar
models [4,5] involving two temporally distinct signals. 
According to this type of model, the first signal induces
neural tissue from competent ectoderm with a ground
state of ‘anterior neural character’, and this signal is
Figure 1
A section of a late gastrulation stage Xenopus
embryo, illustrating the two-signal model and
showing the proposed sources and
concentrations of inducing activities. The
white arrows denote vertical induction and the
purple arrow planar induction.
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produced by both anterior and posterior dorsal meso-
derm. A second signal was proposed to ‘posteriorize’
tissue already induced by the first signal, with this second
signal being synthesized by posterior mesoderm (chor-
damesoderm) and possibly also functioning in a planar
fashion within the ectoderm. It was suggested that the
second signal was produced in a graded fashion, increas-
ing posteriorly, thus specifying progressively more poste-
rior neural tissue (see Fig. 1).
This two-signal model has provided a framework within
which several groups have sought to determine the molec-
ular basis of neural induction. A number of candidates for
the first signal have been identified recently, namely
Noggin, Follistatin and Chordin. Each of these proteins is
expressed in the dorsal mesoderm during gastrulation, as
appropriate for a neural-inducing molecule, and each
induces the formation of neuroectoderm with an anterior
character. Now, four groups have published evidence that
fibroblast growth factors (FGFs), or signalling pathways
mediated by FGF receptors (FGFRs), function in the pos-
teriorization of neural tissue and may also function in
initial neural induction [6–10].
FGFs are known to be able to induce the formation of
mesoderm in various experimental assays, although their
roles as mesoderm inducers during normal development
remains uncertain. The first evidence that FGFs might
also play a role in neural induction came from experiments
in which FGF-2 (also known as basic FGF) induced the
development of neurons and melanocytes (a neural crest
derivative) from dissociated and reaggregated gastrula
‘animal cap’ ectodermal cells, which would otherwise
produce epidermis in culture [6,7]. But a problem with
using dissociated animal cap cells is that they become
neuralized spontaneously when maintained in low density
culture. It is therefore possible that dissociation itself
might have changed their competence such that they
become responsive to FGF, despite their rapid reaggrega-
tion and the absence of expression of neuronal markers in
control aggregates. 
Intact animal cap explants, however, normally give rise
only to epidermis in culture. After treating such explants
with FGF-2, two groups have obtained strikingly differ-
ent results. Lamb and Harland [8] found that FGF-2 was
able to act as an inducer of neural tissue in intact animal
caps, as assessed by expression of a general neural
marker (Nrp-1). This was considered unlikely to be a
secondary consequence of mesodermal induction by
FGF, as some of the early (stage 9 of development) neu-
ralized explants lacked detectable expression of early or
late mesodermal markers. Moreover, late (stage 11–12)
animal caps are no longer competent to produce meso-
derm, but neural markers (NCAM and En-2) can still be
induced by FGF-2. In contrast to these results, Cox and
Hemmati-Brivanlou [9] were unable to induce the
expression of a range of axial neural markers (OtxA, En-
2, Krox-20 or XlHbox-6; see Fig. 2) in animal cap
explants (stage 10.5–11) without prior treatment with a
neuralizing agent (Follistatin or a ‘dominant-negative’
interfering mutant form of the receptor for the signalling
molecule activin). Differences in the method of culturing
the explants, which would affect competence to respond
to FGF, would seem to be the simplest explanation for
these very different results.
Further evidence of a role for FGF during neural induc-
tion comes from investigating the role of FGFR-mediated
signalling. In confirmation of the previous work of others,
Launay et al. [10] found that injecting early cleavage stage
(2-cell) embryos with RNA encoding a dominant-negative
interfering mutant form of FGFR-1 results in a complete
loss of posterior trunk and tail structures. Anterior neural
structures appear normal in these embryos. However, defi-
ciencies that include loss of anterior neural tissue result
from injecting the same RNA at the 8-cell stage into
specifically those animal pole blastomeres that are fated to
produce dorsal tissues. Moreover, the neural inducing
activities of dorsal blastopore lip and Hensen’s node were
not manifest when each was cultured with animal caps
expressing the dominant-negative FGFR: that is, no
neural tissue was formed. The expression of anterior
neural genes in Noggin-treated animal caps was also sub-
stantially inhibited by injection of a dominant-negative
FGFR [10]. These results suggest a possible role for
FGFR signalling in providing the competence to respond
to neural inducers, and possibly also in the production of
the inducers, but it is difficult to reconcile the lack of
anterior neural defects in injected 2-cell-stage embryos
with the failure of animal caps from such embryos to
respond to neural inducers.
Although the four sets of results are not entirely consis-
tent, they do all indicate a possible requirement for FGF
and/or FGFR signalling, either in producing the compe-
tence to respond to neural inducers or in the inductive
process itself. What appears to be more certain from other
studies presented by these groups is that signalling via the
FGFR is responsible for posteriorizing neural tissue, once
the initial neural induction has taken place. In complete
accord with the two-signal model, Cox and Hemmati-
Brivanlou [9] used a range of markers to show that poste-
rior mesoderm could induce anterior neural tissue to adopt
more posterior characteristics, and that FGF-2 alone was
sufficient to mimic the activity of posterior mesoderm in
this assay. Thus, it appears that FGF could posteriorize
induced neuroectoderm. 
Further experiments have also been largely consistent
with FGF- or FGFR-mediated signalling providing a
second and posteriorizing activity during neural induction.
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Although Kengaku and Okamoto [7] found that FGF
induced markers characteristic of all axial levels in reaggre-
gates (XeNK-2, En-2, XlHbox-1 and XlHbox-6; see Fig.
2), Lamb and Harland [8] found that only posterior neural
tissue was induced by FGF in intact animal cap explants.
However, in the latter studies, a much more complete neu-
raxis was generated in animal caps treated with both
Noggin and FGF. Strikingly and unexpectedly, the
explants induced by the combination of factors exhibited
axial polarity, with Otx-2 and XlHbox-6 expressed at oppo-
site poles and a Krox-20 stripe in the middle [8]. These
results imply a pre-existing asymmetry within animal caps
which is unmasked by application of both factors together.
Consistent with these data, animal cap explants neuralized
by either Follistatin or the dominant-negative activin
receptor could be posteriorized by exposure to FGF-2: for
example, En-2 levels were significantly elevated and both
Krox-20 and XlHbox-6 were induced [9].
The posteriorizing signal was originally proposed to act in a
dose-dependent manner, and more recent studies have
suggested that this mechanism might be employed in spec-
ifying the entire neuraxis. In assays on reaggregated animal
cap cells, a clear dose-dependent response to FGF-2 was
demonstrated [7]. However, although En-2 was induced by
mid-range FGF-2 concentrations (0.05–1 ng ml–1), unex-
pectedly both anterior (XeNK-2) and posterior (XlHbox-6)
markers were most strongly induced by higher concentra-
tions. So, a clear posteriorizing influence was not demon-
strated in this assay. By contrast, the other groups [8,9]
found little evidence for a differential induction of axial
markers in intact animal caps exposed to doses of FGF-2 of
2–50 ng ml–1. Instead, the response was determined by the
age of Noggin-induced caps, with En-2 being induced only
at late stages [8]. 
Because the dominant-negative FGFR inhibits organizer-
mediated or noggin-mediated neuralization in animal
caps, so causing complete loss of posterior tissue in whole
embryos [10], there are currently no inhibition studies that
examine the role of FGF specifically as the posterior
signal following neural induction. It is possible that the
effects of FGF on the developing nervous system result
from its more general function in generating posterior
tissue — although an indirect action via the generation of
mesoderm from animal caps has largely been excluded in
studies of older neuralized explants [8,9]. 
If FGFR-mediated signalling does function in posterioriz-
ing the neural tube, or even in neural induction per se, a
question is raised as to the identity and expression of the
signalling molecule(s). A large number of FGFs are
expressed in avian and mouse posterior axial and paraxial
mesoderm (equivalent to Xenopus posterior dorsal meso-
derm). Furthermore, in Xenopus, eFGF — the probable
homologue of mammalian FGF-4 — is expressed in poste-
rior dorsal mesoderm. The current lack of FGFs expressed
during gastrulation in anterior dorsal mesoderm in
Xenopus, or its equivalent tissue — cranial axial mesoderm
— in avian or mouse embryos, suggests that these ligands
do not function in neural induction at all levels. However,
the recent identification of N-cadherin, L1 and N-CAM as
FGFR ligands (reviewed in [11]; P. Doherty and F. Walsh,
personal communication), as well as the possibility of
FGFR activation by proteoglycans in the absence of FGF
[12], considerably broadens the spectrum of potential 
candidate ligands.
The data described here have only recently been
obtained, and the status of FGF or FGFR signalling in
neural induction itself is equivocal, with inconsistencies
raised by both dominant-negative FGFR studies and
treatment of animal caps with FGF. Moreover, a much
more complete neuraxis is generated by exposing animal
caps to FGF and noggin together — so even if 
FGF is a neural inducer, it would seem unlikely that it 
acts alone. A role for FGF in posteriorizing the neural 
tube seems more certain, although a definitive inhibition
experiment is lacking. If FGF or an FGF-like activity
proves to be the second signal in the two-signal model,
then the model may need modification. The effects of
FGF do not appear to be graded but rather depend upon
the competence of the responding tissue, which seems to
be temporally modulated. Indeed, temporal changes in
the nature of the response of ectoderm/neuroectoderm
when exposed to FGF may allow this single class of
growth factor to have roles in both initial neural induction
and the posteriorization of induced neural tissue.
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Figure 2
Expression patterns of markers used to distinguish between different
axial levels in the nervous system. In addition, like XlHbox-6, XlHbox-1
is expressed in the spinal cord, whereas XeNK-2 is expressed in
populations of cells in several regions of the anterior neural tube,
including forebrain, midbrain and hindbrain.
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